Understanding the rate of aggregation of colloidal particles is very important to consider the transport of substances in water environments. Theoretical investigations on aggregation kinetics have been pexfonned by using trajectory analyses to elucidate the influence of electrochemical and hydrodynamic interactions on aggregation. So far, however, this analysis has not been fully applied to the aggregation between unequal-sized particles with opposite sign of surface electric charge in a shear flow. In this study, the rate of shear hetemaggregation between oppositely charged and unequal-sized particles was evaluated by using the trajectory analysis. The calculated results indicate that the rate of heteroaggregation increases with decreasing salt concentration and that the effect of attractive electric double layer force is more significant at higher shear rates. At low salt concentrations, in addition, the present evaluation reveals that larger values of scaled capture efficiency were found not for the homoaggegation between equal-sized particles but for the hetemaggregation between unequal-sized particles. The calculation also suggests an experimental plan, that is, pure heteroaggregation without electric double layer effect can be obtained by using the binary mixture of oppositely charged and unequal-sized particles in 1-10mM aqueous solutions.
Introduction
Colloidal particles such as clay minerals and natural organic matter are ubiquitous in water environment These particles play an essential role in the fate and transport of substances sorbed with the particles1-4). One of typical natures of colloidal particles is their aggregation, coagulation, or flocculation. Through aggregation, the size of transport unit increases. And then, increased particle size enhances the sedimentation rate of particles and causes drastic changes of particle transport. Therefore, understanding aggregation process is of vital importance for controlling and predicting transport properties of substances in hydro-environments. Flocculation is also important in water purification4,5). For these reasons, many experimental and theoretical works on aggregation or flocculation have been carried out5-8).
The rate of aggregation is a key to understand the whole aggregation process. Physicochemical and hydrodynamic conditions of colloidal suspensions affect the aggregation rate of colloidal particles4,7). A theoretical treatment on the aggregation kinetics in a simple shear flow was started by Smoluchowski4, 9, 10) , who derived a theoretical equation describing the number of colliding spheres with a radius of R1 toward a sphere with a radius R2 per unit time JSmol: where G is velocity gradient of flow and N1 is the number concentration of particles with a radius R1 . The Smoluchowski expression neglects all the interactions acting between colliding particles. In reality, however, various electrochemical and hydrodynamic interactions act between colliding particles and thus alter the colliding trajectory between particles. As a result, an introduction of correction factor called capture or aggregation efficiency a is needed to modify the expression of aggregation rate J4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [23] [24] [25] [26] [27] . Previous researches studying the effect of attractive EDL on the aggregation rate by Brownian diffusion23,24) and the deposition kinetics in porous media4,25) reported that decreasing salt concentration enhance the rates of particle deposition and aggregation.
As far as the author knows, however, the rate of heteroaggregation between unequal-sized and oppositely charged suspended particles in a shear flow has never been studied. In the natural water, aggregation of colloidal particles proceeds through the collision between unequal-sized particles and/or aggregates3,6,7) under the influence of flow fields, and both positively and negatively charged particles exist28,29). In addition, heteroaggregation of small colloidal particles, which are the cause of turbidity, with oppositely charged large particles, which have large sedimentation velocity, can be used to increase the rate of solid-liquid separation (Fig. 1) . Therefore, to study the shear aggregation between unequal-sized and oppositely charged particles is useful from scientific and engineering points of view, because it gives better knowledge on aggregation to us. In this context, this paper describes the results of trajectory analysis for the evaluation of capture efficiency of heteroaggregation with attractive EDL force in a simple shear flow. By comparing Fig. 6 with Fig. 7 
